In general, the benefit of the indirect method is that the chip area is much smaller than that of the direct method for the same pixel count, that is, the indirect method is suitable for high-resolution image sensors and low cost because only a little circuit is required in the pixel. A drawback of the indirect method is that it suffers from multi-path interference because multiple reflections from different distances are mixed in detection as shown in Fig. 1(b) . This problem can be solved by sweeping (or changing) the light emission delay 9)10) or modulation/ demodulation frequency 11)-13) .
However, these methods are not suitable for dynamic scenes because they need many images to reproduce a single depth map. If we regard time-resolving image sensors based on the SPAD and the charge modulator as a device to perform temporal sampling, the tap in the indirect ToF sensor corresponds to the bin in the direct ToF sensor. The number of the sampling points for the direct and indirect methods are 2 to 4 and thousands (e.g., 2048), respectively. To perform the equivalent temporal sampling with the indirect ToF sensor to that in the direct ToF sensor, many steps of sweeping, e.g.,
(=2048 bins/2 taps) is necessary. For example, in
Ref. 9 , image acquisition time is 4s, which is determined by the frame rate and the number of applied delays.
Although a charge-modulator-based time-resolving image sensor that has 1220 taps has been presented 14) , the number of taps is still smaller than that of bins in the direct ToF sensor, and the pixel pitch is very large (72.56µm).
To realize an area-efficient ToF image sensor that can separate multi-path components without any sweeping, compressive sensing 15)-18) (CS), which compresses the optical signal in the physical (e.g., optical or charge) domain, combined with multi-aperture (MA) optics can be a promising option. In this architecture, detection and signal processing are separated although they are mixed in the direct ToF image sensor. A compressive CMOS image sensor based on a similar concept was demonstrated to reduce the power consumption of image sensor device 19) . Compressive sensing is an efficient sampling method, which reconstructs more data points from fewer samplings when the original signal has sparsity. CS measures inner-products between an input signal and many predefined random codes. Then, the input signal is reproduced by solving an inverse problem. The original CS is not suitable for one-shot measurement of a dynamic scene because measurement by a single photodetector is repeated many times by changing the spatial code. However, a multi-aperture camera 20)-22) , which is composed of multiple sets of a subimager and an imaging lens, enables to acquire the compressed images at once by assigning a different code to each aperture. A multi-aperture ultra-high-speed (MAUHS) CMOS image sensor (CIS) has been developed, which captures temporally compressed images simultaneously 23)24) . In this method, temporal random coded shutter signals are multiplied with the input optical signal in the charge domain without using any digital or analog circuit in the pixel. Although an additional shutter pattern generator and a pixel driver are necessary for each sub-imager, the area is much smaller than that of the effective imaging area.
Therefore, the sensor is significantly area-efficient.
Compressive ToF (CToF) has been demonstrated with this sensor 25) , which is advantageous in extending the measurable range with limited hardware resource.
Previous work of CToF 26) compresses optical signals in space. Instead, in our method, the optical signal is temporally compressed by taking advantage of the sparsity of temporal optical signal in ToF. In this scheme, impulse light and multiple random coded shutters are utilized for excitation and demodulation, respectively. The temporal inner-products between the impulse response and a coded shutter is obtained for each pixel. Although a random code is also used in Ref. 
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Camera system architecture
The architectures of a conventional direct ToF depth imaging system and our cooperative scheme assumed in this paper are compared in Fig. 2 . In the traditional system based on SPAD ( Fig. 2(a) ), the image sensor is composed of photodetectors, TDCs, and histogram processing circuit, which consumes large chip area. On the other hand, in our scheme ( Fig. 2(b) ), the image sensor is composed of charge modulators and a charge- cost-effective general-purpose processors, the processing time and the total cost can be minimized because much more transistors are used for the same chip area and the cost per area is far cheaper. However, further quantitative discussions are necessary to clarify the effectiveness and drawbacks of our strategy. This problem is hard to solve because this is a huge combination problem. Therefore, l1-norm is used instead as follows: Where D i is a differential operator to subtract an adjacent element from the i-th element. In real processing, signal compression denoted by Eq. 4 is performed at a pixel level. In signal reconstruction by Eq. 5, both time and space are considered.
Multi-aperture ultra-high-speed camera
Eq. 4 implies that input x is measured M times by changing the shutter pattern, which is time-consuming and is not suitable for dynamic scenes. Therefore, in our scheme, MA optics is used to realize simultaneous measurement for multiple shutters. An MA camera is composed of multiple sets of a lens and an image sensor that constitute one aperture as shown in Fig. 4 Fig. 5(a) ). After repeating this operation to increase the signal intensity, temporally compressed images are obtained ( Fig. 5 (b) ). Then, the temporal impulse responses are reconstructed at every pixel (Fig. 5(c) ). 
(t) and hs(t) can be summarized by a single function, h(t). Then, Eq. 6 becomes
The input vector, x, in Eqs. 1-5 is a discrete version of
x(t). When a discrete version of h(t) is denoted by a matrix H, Eq. 1 becomes
Although x is measured directly in the direct ToF method, multiple inner-products between x and the temporal shutter patterns, {a i}, are obtained in our method. In several works on the CToF imaging, the system is implemented with an impulse light source, a single fast optical detector, and a spatial light modulator to compress the optical signal in space with random spatial codes 25) . Instead, the MAUHS CIS effectively compresses the optical signal in time with temporal random shutters at each pixel by taking advantage of the sparsity of ToF signal. Because neither spatial light modulator nor time-consuming scanning of a lot of spatial codes is necessary, the system configuration is straightforward, and measurement becomes faster. In Ref. 25 , a compression ratio of 1000% was achieved in the simulation.
Experiments
Experimental system
We preliminarily demonstrated the CToF depth imaging, where an objective light from a mirror and an interference light by specular reflection of a transparent The experiments aim to separate two reflections in time.
The experimental setup in Fig. 6 is for area imaging.
However, because of low photosensitivity of the prototype MAUHS image sensor and relatively low output power of the light source, only spot images of the light source were observed in this paper. With a future MAUHS image sensor with improved photosensitivity, the same configuration will be applicable to area imaging.
Every aperture of the MAUHS sensor captured an image with a different 32-bit-long shutter pattern, namely, 32 consecutive frames were compressed into 15 images. Therefore, a compression ratio was 213 %. The shutter patterns were randomly generated under a constraint that the shutter of at least one aperture was open at every timing. The average duty ratio of the shutter was about 50%. Because the temporal resolution, which is equivalent to the bin duration of the reconstructed temporal impulse response, was 5ns, the corresponding depth resolution was 0.75 m in this experiment. Fig. 7(a) shows a set of 15 temporally-compressed images captured at once with the MAUHS camera in a dark room. The frame rate was 25.8 frames per second.
Measured and processed results
From a set of 15 compressed images, 32 consecutive images were reconstructed as shown in Fig. 7(b) . Thus, one-shot temporally-compressed imaging without any sweeping was achieved. The inverse problem was solved by TVAL3 31)32) . The temporal sensor response was measured before the image capturing, and was considered as a matrix H in Eq. 9. TVAL3 uses twodimensional (2D) total variation (TV), so that time was assigned to one of the dimensions. A reconstructed 2D image at every timing was reshaped to a vector and was assigned to the other dimension of the 2D TV. Namely, a 2D TV along with the time axis and (spatial) x-axis was used. Neither orthogonal transformation nor dictionary was applied. Although parallax in the MA camera was dependent on the distance of an object, it was corrected only for the objective mirror for simplicity of processing.
The reconstructed impulse responses were compared with the measured ones without compression to verify the validity of CToF. Non-compressed images for the same scenes were captured with sliding shutters. For example, the first aperture captured an image during the first 5 ns. Then, the second aperture captured an image during the second 5ns, and so on. The timings when the reflected light is observed should be the same in both compressed and non-compressed cases. Note that the number of the captured frames by the sliding shutter was equal to that of the apertures. Therefore, only the first 15 images are compared. components, respectively. Because the peak-to-peak clearance between two elements is almost the same as the bin duration, these components appear in the adjacent frames. For the object distance of 1.9 m, peaks are situated in the 3 rd and 5 th frames. Because the clearance is more than one bin, they are entirely separated. As the intrinsic response was considered in solving the inverse problem, reflection peaks became almost delta functions as shown in Fig. 9(d) . The results in Figs. 8 and 9 show that the compressive sensing can detect the multiple reflections. However, in the reconstructed impulse responses in CS, several artifacts are observed. For example, the 14 th , 18 th , 32 nd frames in Fig. 9(c) and the 32 nd frame in Fig. 9(d) are artifacts.
This issue is discussed in the next section. shown in Fig. 9 (c) were observed when parallax existed in the multi-aperture image.
Discussions
Residual parallax can cause another problem, that is, a masking effect. Fig. 10(a) shows magnified images of the reconstructed light spots for the objective mirror distance of 1.9 m (shown in Fig. 8(d) Especially in outdoor applications, background light is not negligible because it causes a considerable photon shot noise and degrades the depth accuracy. In the future work, the influence of the background light to the CToF and possible solutions should be discussed.
Conclusion
Separation of multi-path components with temporally compressive time-of-flight (CToF) depth imaging was demonstrated by using a multi-aperture ultra-high-
speed (MAUHS) CMOS image sensor (CIS). It was
shown that the image acquisition was performed at 25.8 frames per second and the CToF separated a specular reflection from a transparent acrylic plate and a reflection from a mirror object. In the experiment, 15 temporally compressed images were captured, and 32 temporally resolved images with a 0.75 m depth resolution were reconstructed. The measured timings of the reflections were consistent with the ones for noncompressive measurement. When the time difference between the interference and the objective components were larger than the bin duration, 5ns, these components were separated in time. 
